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Introduction {#sec1}
============

Modeling human diseases with pluripotent stem cells (PSCs), including embryonic stem cells (ESCs) and induced PSCs (iPSCs), has remarkable potential to generate new insights into understanding disease pathogenesis and to open up new avenues for effective therapies. In particular, modeling neurological diseases is of great interest given that it is difficult to obtain patient-derived neural cells or tissues because of the limited accessibility to the brain. Indeed, ESCs and iPSCs derived from patients have been used to study several neurological diseases, including amyotrophic lateral sclerosis (ALS; [@bib15], [@bib16]), Alzheimer's disease (AD; [@bib33], [@bib41], [@bib85]), Parkinson's disease ([@bib14], [@bib32], [@bib56]), schizophrenia ([@bib5], [@bib9], [@bib29]), epilepsy ([@bib28], [@bib35], [@bib45]), and Rett syndrome ([@bib2], [@bib47]). Because most neurological diseases affect one or more specific lesion area(s), PSCs were differentiated into corresponding neuronal subtypes in such studies ([@bib31], [@bib46], [@bib52], [@bib60]). However, these approaches cannot procure the mechanism of subtype specificity of disease phenotypes; that is, why some neuronal subtypes are selectively damaged whereas others evade pathogenesis.

To clarify the mechanism of subtype specificity, it is necessary to compare phenotypes between disease-susceptible and -insusceptible neuronal subtypes. Nonetheless, this approach has not been developed to date for two reasons. First, only a few neuronal subtypes can be successfully induced from PSCs. Second, each previously reported protocol to induce specific subtypes varies in its cultivation procedures, giving rise to variability between protocols in efficiency, maturity, and culture-afflicted stress and preventing a direct comparison across different neuronal subtypes.

Here we addressed these problems by focusing on control of the regional identity of PSC-derived neural progenitors and neurons. The developing neural tube is subdivided into distinct regions along the anteroposterior (A-P) and dorsoventral (D-V) axes, and each region produces a specific subtype of neurons ([@bib38]). Namely, neuronal subtype specification in the neural tube is determined in a region-specific manner. If the regional identity of PSC-derived neurons could be regulated at will based on the same protocol, then any desired subtypes could be induced with the same efficiency and under the same culture conditions. A protocol permitting such regulation would enable the reproduction of disease phenotypes in any given brain region and also the comparison of phenotypes between different neuronal subtypes.

In this study, we report a robust method to control the regional identity of PSC-derived neural progenitors and neurons based on a single protocol. To do so, Wnt, retinoic acid (RA), and sonic hedgehog (Shh) signaling were modulated to manipulate the A-P and D-V identities of neural progenitors. Regional identity was maintained throughout neural differentiation, generating a variety of neuronal subtypes, including cortical projection neurons, cortical interneurons, midbrain dopaminergic neurons, hindbrain serotonergic neurons, spinal cord sensory interneurons, and spinal cord motor neurons. Finally, we compared these neuronal subtypes and detected ventral spinal cord-specific neurite swellings in ALS iPSCs and forebrain-specific accumulation of phosphorylated tau (p-tau) in AD iPSCs. Therefore, this culture system could be a useful tool to approach the mechanism of subtype specificity of neurological disease phenotypes.

Results {#sec2}
=======

Strategy for Defining the Regional Identity of PSC-Derived Neural Progenitors {#sec2.1}
-----------------------------------------------------------------------------

Because Wnt, RA, and Shh signaling are involved in the formation of the A-P and D-V axes during neural development ([@bib6], [@bib50], [@bib57]), we explored the possibility that these patterning signaling molecules might have analogous effects in neural cells differentiated from PSCs. We hypothesized that the A-P identity (ranging from the telencephalon to the spinal cord) can be controlled by regulating Wnt and RA signaling and that the D-V identity can be controlled similarly by regulating Shh signaling ([Figure 1](#fig1){ref-type="fig"}A). To evaluate this hypothesis, we induced neural progenitors derived from ESCs (KhES-1; [@bib77]) by using the neurosphere culture system (modified from [@bib11]) and treated the cells with modulators of these patterning signaling pathways during neurosphere formation ([Figure 1](#fig1){ref-type="fig"}B). The modulators included the porcupine inhibitor IWP-2 (a Wnt antagonist; [@bib12]), the glycogen synthase kinase (GSK) 3β inhibitor CHIR99021 (a Wnt agonist, referred to hereafter as CHIR; [@bib67]), RA, Shh protein, and the Smo receptor agonist purmorphamine (a Shh agonist; [@bib76]). Although the diameter of the neurospheres was increased by treatment with CHIR and RA, each of the experimental conditions was able to generate neurospheres ([Figures S1](#mmc1){ref-type="supplementary-material"}A and S1B). Moreover, the patterning factors did not influence the number of neurospheres generated ([Figure S1](#mmc1){ref-type="supplementary-material"}C), and the neural progenitor marker *NESTIN* was expressed similarly under all conditions ([Figure S1](#mmc1){ref-type="supplementary-material"}D). These results indicate that neural induction is unaffected by Wnt, RA, or Shh signaling.

Modulation of the A-P Identity of PSC-Derived Neural Progenitors by Wnt and RA Signaling {#sec2.2}
----------------------------------------------------------------------------------------

We next examined the expression of A-P markers ([Figure 2](#fig2){ref-type="fig"}A) in ESC-derived neurospheres by qRT-PCR ([Figure 2](#fig2){ref-type="fig"}B). IWP-2-treated neurospheres expressed high levels of the forebrain markers *FOXG1* and *SIX3* ([@bib62], [@bib84]). The expression levels of the forebrain/midbrain markers *OTX1* and *OTX2* ([@bib75]) were highest in untreated neurospheres. The low expression level of *OTX1* in IWP-2-treated neurospheres agrees with the observation that this gene is not expressed in the anterior-most region of the forebrain ([@bib73]). *EN1*, which is expressed in the midbrain and the anterior hindbrain ([@bib26]), was highly expressed in neurospheres treated with CHIR at concentrations of 0.5 and 1 μM. *HOXB4* and *HOXC4*, markers of the posterior hindbrain and the spinal cord ([@bib30]), were expressed primarily in cultures exposed to 3 μM CHIR, and their expression levels were enhanced further by the addition of RA. These results indicate that the posteriorization of neural progenitors is driven by activation of the Wnt and RA signaling pathways.

The regulation of marker expression correlating with the A-P axis was also confirmed by immunocytochemical analysis for the FOXG1, OTX1, and HOXB4 proteins ([Figure 2](#fig2){ref-type="fig"}C). Furthermore, we confirmed the robustness of our protocol by using the 201B7 and 253G1 iPSC lines ([@bib55], [@bib80]). In both of these iPSC lines, the expression levels of the A-P markers in the neurospheres were similar to those in ESC-derived neurospheres ([Figure S2](#mmc1){ref-type="supplementary-material"}). These results suggest that the A-P identity of PSC-derived neural progenitors can be controlled by IWP-2, CHIR, and RA during neurosphere formation.

Control of the D-V Identity of PSC-Derived Neural Progenitors by Shh Signaling {#sec2.3}
------------------------------------------------------------------------------

In addition to the A-P identity, we next attempted to control the D-V identity by modulating Shh signaling. We hypothesized that neural progenitors derived from PSCs are dorsalized in the absence of Shh and that the activation of Shh signaling ventralizes neural progenitors with no influence on the A-P identity. To address this hypothesis, we assessed the expression levels of D-V makers in neurospheres by qRT-PCR analysis with the addition of Shh protein and purmorphamine (termed the "+Shh" group) ([Figures 3](#fig3){ref-type="fig"}A and 3B). We used these two Shh activators simultaneously because a previous report has demonstrated that co-treatment with Shh protein and purmorphamine was greatly superior to high concentrations of either of the two alone ([@bib49]). Other neurospheres received no exogenous ventralizing factors (termed the "*−*Shh" group).

The D-V markers *PAX6*, *PAX7*, *NKX2.1*, and *NKX2.2* are differentially expressed in vivo according to A-P and D-V positions ([Figure 3](#fig3){ref-type="fig"}A). *PAX6* is expressed dorsally in the forebrain, and the expression pattern also covers both the dorsal and the ventral portions of the posterior hindbrain and the spinal cord ([@bib18], [@bib63], [@bib79], [@bib83]). In contrast, the midbrain and the anterior hindbrain lack *PAX6* expression (with the exception of the rhombic lip) ([@bib17], [@bib69], [@bib78], [@bib86]). *PAX7* is expressed throughout the dorsal part of the neural tube except for the anterior forebrain, where this gene is expressed only in the small dorsal-most region ([@bib51]). *NKX2.1* marks the ventral forebrain ([@bib66]), whereas *NKX2.2* is expressed ventrally throughout the A-P axis ([@bib72]). Consistent with the in vivo expression patterns of these genes, *PAX6* was highly expressed in neurospheres with forebrain characteristics (i.e., IWP-2-treated and untreated neurospheres) in the −Shh group as well as those with the characteristics of the posterior hindbrain and the spinal cord (i.e., CHIR^3^+RA-treated neurospheres). Only the latter maintained *PAX6* expression after Shh activation. Meanwhile, *PAX7* was upregulated in the −Shh group, except under the IWP-2-treated condition, whereas *PAX7* expression was low under all conditions in the +Shh group. *NKX2.1* was expressed primarily in neurospheres with forebrain characteristics (IWP-2-treated and untreated) in the +Shh group. The expression of *NKX2.2* was generally high in the +Shh group. The relatively low expression level of *NKX2.2* in neurospheres with posterior characteristics in the +Shh group agrees with the fact that *NKX2.2* expression is initially only seen in the anterior part of the neural tube and then gradually extends to the spinal cord ([@bib72]).

The control of the D-V axis shown by qRT-PCR analysis was also confirmed by immunocytochemical analysis for the PAX6, NKX2.1, and NKX2.2 proteins ([Figures 3](#fig3){ref-type="fig"}C and 3D). Moreover, D-V regulation was reproduced readily in the iPSC lines ([Figure S2](#mmc1){ref-type="supplementary-material"}). Our results indicate that the D-V identity of PSC-derived neural progenitors can be controlled without perturbing the A-P identity.

Recapitulation of Telencephalic D-V Patterning {#sec2.4}
----------------------------------------------

To further confirm the D-V control, we examined the expression of telencephalon-specific D-V markers ([Figure 4](#fig4){ref-type="fig"}A). *EMX1/2* and *DLX2* are confined to the dorsal and the ventral telencephalon, respectively (with the exception of small diencephalic regions) ([@bib64], [@bib75]). Although the proneural genes *NGN2* and *ASCL1* are expressed in various regions of the neural tube, a D-V bias in their expression is clearly observed in the telencephalon ([@bib23]). *EMX1/2* and *NGN2* were significantly upregulated in IWP-2-treated neurospheres without Shh activation. In contrast, the expression of *DLX2* and *ASCL1* was increased by Shh activation. These data provide additional evidence for the D-V control of PSC-derived neural progenitors.

Differentiation of Neural Progenitors into Specific Neuronal Subtypes in Accordance with Regional Identity {#sec2.5}
----------------------------------------------------------------------------------------------------------

To investigate whether the regional identity of neural progenitors was retained upon differentiation into neurons, neurospheres were subjected to a neural differentiation protocol ([Figure 1](#fig1){ref-type="fig"}B). Our protocol predominantly produced neurons rather than astrocytes or oligodendrocytes ([Figure S3](#mmc1){ref-type="supplementary-material"}A). We examined the expression of synapse markers and the intracellular calcium level during electrical field stimulation ([Figures S3](#mmc1){ref-type="supplementary-material"}B--S3D). These results indicate that neurons derived by our protocol were functional regardless of the experimental conditions.

We determined the A-P identity of neurosphere-differentiated neurons ([Figure 5](#fig5){ref-type="fig"}A). Neurons generated from IWP-2-treated neurospheres expressed high levels of the forebrain cortical neuronal marker *TBR1* ([@bib8]). *GATA3*, expressed from the diencephalon to the hindbrain ([@bib24]), was upregulated at low CHIR concentrations (0−1 μM). *LBX1*, which marks dorsal neurons in the hindbrain and the spinal cord ([@bib34]), was highly expressed in neurons differentiated from CHIR^3^+RA-treated neurospheres. These results imply that neural progenitors retain their A-P identity in differentiated neuronal cultures.

We next examined the D-V identity of differentiated neurons ([Figures 5](#fig5){ref-type="fig"}B--5F). In the telencephalon, TBR1+ cortical neurons are born dorsally, whereas the ventral area produces cortical interneurons, which is marked by *LHX6* and *LHX*8 expression ([@bib48]). As expected, the expression level of *TBR1* was elevated in neurons generated from IWP-2-treated neurospheres and decreased by activation of Shh signaling ([Figures 5](#fig5){ref-type="fig"}B and 5E). In contrast, *LHX6* and *LHX8* were significantly upregulated by Shh activation ([Figure 5](#fig5){ref-type="fig"}B). Dopaminergic and serotonergic neurons are selectively derived from the ventral portion of the midbrain and the hindbrain, respectively ([@bib25]). Although the gene expression of the dopamine-synthesizing enzyme *TH* did not change significantly, that of *LMX1A* and *FOXA2*, master transcriptional regulators of dopaminergic neuronal differentiation ([@bib1], [@bib21]), was upregulated markedly by Shh activation under the 0.5 μM CHIR-treated condition ([Figure 5](#fig5){ref-type="fig"}C; [Figure S4](#mmc1){ref-type="supplementary-material"}A). We also detected high expression of the serotonergic neuronal marker *PET1* ([@bib27]) concomitantly with a small population of cells that were immunopositive for serotonin ([Figure 5](#fig5){ref-type="fig"}C; [Figure S4](#mmc1){ref-type="supplementary-material"}C). Furthermore, *VMAT2* and *AADC*, markers for both dopaminergic and serotonergic neurons ([@bib22]), were upregulated ([Figure S4](#mmc1){ref-type="supplementary-material"}A). *LHX9*, which marks d1 neurons in the dorsal spinal cord ([@bib44]), was highly expressed in neurons generated from CHIR^3^+RA-treated neurospheres, whereas the expression of *HB9*, which marks motor neurons in the ventral spinal cord ([@bib3]), was elevated by ventralization via Shh activation ([Figures 5](#fig5){ref-type="fig"}D and 5F). *CHT*, an additional spinal cord motor neuron marker that is essential for the uptake of choline into motor neurons ([@bib61]), was also upregulated ([Figure S4](#mmc1){ref-type="supplementary-material"}B).

Finally, we tested whether neural crest-derived peripheral neurons were induced. The peripheral neuron marker Peripherin ([@bib19]) was not detected under almost all conditions. However, approximately 20% of neurons were immunopositive for this marker under the CHIR^3^+RA-treated and CHIR^3^+RA+Shh-treated conditions. Under the CHIR^3^+RA-treated condition, BRN3A, an additional peripheral neuron marker ([@bib20]), was also expressed in a portion of Peripherin+ neurons ([Figure S4](#mmc1){ref-type="supplementary-material"}D). Given that neural crest cells originate from the dorsal-most region of the neural tube ([@bib40]), these results are consistent with their dorsal identity. Under the CHIR^3^+RA+Shh-treated condition, however, Peripherin+ neurons expressed the motor neuron marker SMI-32 ([@bib10]). This result is consistent with the fact that Peripherin is expressed not only in peripheral neurons but also in spinal cord motor neurons ([@bib19]). In summary, both the A-P and D-V identities acquired in the neural progenitor stage were maintained throughout neuronal differentiation in culture, and neural progenitors were able to differentiate into specific neuronal subtypes in accordance with their regional identities.

Reproduction of Subtype-Specific Disease Phenotypes In Vitro {#sec2.6}
------------------------------------------------------------

In most neurological diseases, specific neuronal subtypes are selectively impaired. For example, spinal cord motor neurons are selectively damaged in ALS ([@bib7]), and forebrain cortical neurons are preferentially affected in AD ([@bib4], [@bib53], [@bib81]). Although this subtype specificity probably plays an important role in pathology, its mechanism remains to be elucidated. Particularly in PSC-based disease models, most previous reports have focused only on the disease-susceptible neuronal subtype, and other aspects of subtype specificity have yet to be explored.

Our first aim was to test whether disease subtype specificity can be recapitulated in vitro by using PSCs. We derived neurons from disease-specific iPSC lines via our protocol described above. Here we used ALS and AD iPSC lines carrying *TARDBP*^M337V^ and *PSEN1*^A246E^/*PSEN2*^N141I^ mutations, respectively ([@bib16], [@bib85]), and the control of regional identity was confirmed in neurospheres derived from each iPSC line ([Figure S5](#mmc1){ref-type="supplementary-material"}).

In the ALS iPSC-derived neurons, neurite swellings were observed preferentially in neurons with the characteristics of the ventral spinal cord generated from CHIR^3^+RA+Shh-treated neurospheres ([Figures 6](#fig6){ref-type="fig"}A and 6B). In contrast, neurons with other regional identities rarely exhibited swellings. Because neurite swellings (or "spheroids") are a feature of neuronal cell dysfunction in ALS ([@bib13]), these observations suggest that ventral spinal cord-specific phenotypes of ALS were recapitulated successfully in our system. Next, we tried to demonstrate motor neuron specificity among the ventral spinal cord subtypes by labeling motor neurons with the fluorescence protein (Venus) reporter under control of the *HB9* promoter. However, the cells showed fluorescence labeling of only the soma and proximal neurites, probably because of weak intracellular diffusion of the Venus protein. Consequently, we failed to identify neurite swellings distal to the soma in *HB9*-Venus-positive neurons (data not shown). Therefore, currently, we cannot eliminate the possibility that subtypes other than motor neurons in the ventral spinal cord were also affected by neurite swellings. Indeed, several recent reports indicate that spinal cord interneurons are implicated in ALS pathology (reviewed in [@bib82]).

In AD iPSC-derived neurons, we found spot-like accumulations of p-tau ([Figures 6](#fig6){ref-type="fig"}C and 6D). The number of p-tau+ spots increased in neurons with forebrain characteristics generated from IWP-2-treated neurospheres compared with the CHIR^3^+RA condition corresponding to the spinal cord ([Figure 6](#fig6){ref-type="fig"}E; [Figure S6](#mmc1){ref-type="supplementary-material"}A). To eliminate the possibility that the addition of CHIR during the neurosphere stage led to inhibition of GSK3β-mediated tau phosphorylation in the differentiation stage, we next measured GSK3β activity in differentiated neurons by quantifying nuclear β-catenin intensity. We confirmed that β-catenin intensity remained relatively constant under all conditions and that residual CHIR had no effect on tau phosphorylation in the differentiation stage ([Figure S6](#mmc1){ref-type="supplementary-material"}B). These results indicate that a characteristic feature of AD pathology, i.e., p-tau accumulation, was reproduced in a region-specific manner. Taken together, our findings show that the subtype specificity of neurological disease phenotypes can be modeled in vitro by defining the regional identity of PSC-derived neural progenitors and neurons.

Discussion {#sec3}
==========

In this study, we established a culture system for controlling the regional identity of PSC-derived neural progenitors and neurons based on an identical protocol. Simple treatment with three factors, IWP-2, CHIR, and RA, effectively patterned the A-P identity, ranging from the telencephalon to the spinal cord. In addition, Shh activation converted the D-V identity from dorsal into ventral without perturbing the A-P identity. Furthermore, subtype-specific ALS and AD phenotypes were reproduced in vitro by using the described protocol.

Our findings are consistent with previous reports demonstrating that the graded signaling activities of Wnt/RA and Shh establish the A-P and D-V axes in vivo. Also noteworthy is that our study shows that this model for early neural patterning, which is proposed mostly from work on *Xenopu*s, chicks, and mice, can be applied to human development. Because in vivo experiments of the human embryo are ethically challenging and technically difficult, our culture system now provides novel opportunities to uncover the mechanism of neural patterning in humans.

A remaining issue regarding our present culture system is the ability to recapitulate the environment after regional specification. In some neuronal subtypes, additional signals are needed for further specification, maturation, and maintenance. When cells migrate from their birthplace or if they project to distant targets, they often receive such signals from cells with different regional identity. Such additional signals cannot be recapitulated in our present culture system. In the case of midbrain dopaminergic neurons, for example, transforming growth factor β (TGF-β) expressed in their projection targets is necessary for their maintenance ([@bib65]). Dopaminergic neurons in our culture did not express late-stage markers such as *PITX3* and *DAT*, probably because of the lack of such additional signals (data not shown). In addition to treatment with signaling modulators, co-culturing with cells of the destination of migration or cells of the projection targets would be a promising approach to overcome this issue.

Specific brain regions are preferentially damaged in most neurological diseases, whereas regions other than the lesioned area remain relatively unaffected. For this reason, the differentiation of patient-derived iPSCs into specific neuronal subtypes representing the lesion site is a valuable approach for modeling human neurological diseases ([@bib31], [@bib60]). The current investigation reproduced p-tau accumulation as an AD phenotype by endowing neurons with forebrain characteristics. On the other hand, a previous report using the same iPSC clones did not detect such a phenotype, probably because of the induction of inappropriate subtypes ([@bib85]). These results highlight the importance of correct neuronal subtype specification in reproducing neurological disease phenotypes with PSCs.

Some investigators have reported the directed differentiation of PSCs into a limited number of neuronal subtypes, including midbrain dopaminergic neurons and spinal cord motor neurons ([@bib42], [@bib43]). Given that each differentiation protocol is overly optimized for a particular subtype, the protocol in question cannot be readily applied to additional neuronal subtypes. Nevertheless, our culture system theoretically enables the differentiation of PSCs into all neuronal subtypes, making it possible to efficiently generate subtypes whose induction from PSCs has been difficult.

Also, as emphasized above, our culture system is based on the same protocol to obtain neuronal subtypes with equivalent efficiency and under the same general culture conditions (with the exception of the modulation of different signaling cascades). Therefore, our method allows comparative analysis of a variety of neuronal subtypes, whereas earlier investigations on disease modeling have focused only on selectively affected subtypes. Moreover, other investigators have reported that the modulation of Wnt signaling can direct the regional identity of PSC-derived neurons in a manner similar to that observed in our culture system. Nevertheless, a parallel analysis of disease phenotypes between neurons with different regional identities was not performed in these studies ([@bib39], [@bib54]). To fully understand the mechanism of disease pathology and progression, one must investigate not only the manner in which specific neuronal subtypes are affected but also how other subtypes remain unaffected. In the case of genetic diseases, neural subtype specificity of disease phenotypes is not necessarily accounted for by the expression pattern of the responsible genes. For example, some mutations in *TARDBP*, which is globally expressed across the entire brain, cause motor neuron-selective degeneration ([@bib36], [@bib37], [@bib70]). Similarly, although *PSEN1* and *PSEN2* show widespread expression in the brain, their mutations predominantly affect forebrain neurons ([@bib68], [@bib71]). However, the mechanism of neuronal subtype specificity of these disease phenotypes is unclear. Our culture system may permit investigations toward filling in the gaps in this knowledge base.

We do not yet know the mechanism of neuronal subtype specificity of various neurological disease phenotypes. Identification of factors enforcing pathogenesis in disease-susceptible subtypes or evading pathogenesis in insusceptible subtypes will help to clarify this. Regardless, our culture system will undoubtedly allow new insights into modeling neurological diseases with PSCs.

Experimental Procedures {#sec4}
=======================

Culture of Undifferentiated ESCs and iPSCs {#sec4.1}
------------------------------------------

The human ESC (hESC) line KhES-1 ([@bib77]), the control human iPSC (hiPSC) lines 201B7 and 253G1 ([@bib55], [@bib80]), the ALS iPSC line A3411 ([@bib16]), and the AD iPSC lines PS1-2 and PS2-1 ([@bib85]) were cultured on mitomycin C-treated SNL murine fibroblast feeder cells in standard hESC medium (DMEM/F12, Sigma) containing 20% KnockOut serum (KSR) replacement (Life Technologies), 0.1 mM non-essential amino acids (Sigma), 0.1 mM 2-mercaptoethanol (Sigma), and 4 ng/ml fibroblast growth factor 2 (FGF-2) (PeproTech)) in an atmosphere containing 3% CO~2~.

hESCs were used in accordance with the guidelines regarding the utilization of hESCs with approval from the Ministry of Education, Culture, Sports, Science, and Technology (MEXT) of Japan and the Keio University School of Medicine Ethics Committee. All experimental procedures for iPSCs derived from patients were approved by the Keio University School of Medicine Ethics Committee (approval no. 20080016).

Neuronal Induction {#sec4.2}
------------------

Neuronal induction of hESCs/iPSCs was performed as described previously ([@bib11]), with slight modifications. Briefly, hESCs/iPSCs were pretreated for 6 days with 3 μM SB431542 (Tocris), 150 nM LDN193189 (StemRD), and 3 μM CHIR99021 (Stemgent). They were then dissociated and seeded at a density of 10 cells/μl in medium hormone mix (MHM) ([@bib58], [@bib59], [@bib74]) with selected growth factors and inhibitors under conditions of 4% O~2~/5% CO~2~. The growth factors and inhibitors included 10 ng/ml human leukemia inhibitory factor (LIF) (Nacalai Tesque), 20 ng/ml FGF-2, 1× B27 supplement (Invitrogen), 2 μM SB431542, and 10 μM Y-27632 (Calbiochem).

Defining the day on which neurosphere culture was started as day 0, the following additives were included in the neurosphere culture: 2 μM IWP-2 (Sigma), 0.5--3 μM CHIR99021, and 1 μM RA (Sigma) from days 0--12 and 100 ng/ml Shh-C24II (R&D Systems) and 1 μM purmorphamine (Calbiochem) from days 2--12. On day 12, neurospheres were replated en bloc on dishes coated with poly-ornithine and laminin and cultured under conditions of 5% CO~2~. The medium was changed to MHM supplemented with 1× B27 and 1 μM DAPT (Sigma). DAPT was excluded in the AD phenotype experiments.

qRT-PCR {#sec4.3}
-------

Total RNA was isolated with the RNeasy mini kit (QIAGEN) with DNase I treatment, and cDNA was prepared by using a ReverTraAce qPCR RT kit (Toyobo). The qRT-PCR analysis was performed with SYBR premix Ex TaqII (Takara Bio) on a ViiA 7 real-time PCR system (Applied Biosystems). Values were normalized to *ACTB*. Reactions were carried out in duplicate, and data were analyzed by using the comparative (ΔΔCt) method. Relative expression levels are presented as geometric means ± geometric SEM. The primer sets used in these experiments are listed in [Table S2](#mmc1){ref-type="supplementary-material"}.

Immunocytochemistry {#sec4.4}
-------------------

Cells were fixed with 4% paraformaldehyde for 15 min at room temperature and then washed three times with PBS. After incubating with blocking buffer (PBS containing 5% normal fetal bovine serum and 0.3% Triton X-100) for 1 hr at room temperature, the cells were incubated overnight at 4°C with primary antibodies diluted with blocking buffer. We used blocking buffer without Triton X-100 for O4 staining and buffer with 0.03% Triton X-100 for Synaptotagmin and VAMP2 staining. Details of the primary antibodies and the dilution conditions are listed in [Table S3](#mmc1){ref-type="supplementary-material"}. The cells were again washed three times with PBS and incubated with secondary antibodies conjugated with Alexa Fluor 488, Alexa Fluor 555, or Alexa Fluor 647 (Life Technologies) and Hoechst33342 (Dojindo Laboratories) for 1 hr at room temperature. After washing three times with PBS and once with distilled water, samples were mounted on slides and examined by using a LSM-710 confocal laser-scanning microscope (Carl Zeiss). For anti-NKX2.2 antibody staining, biotinylated secondary antibodies (Jackson ImmunoResearch Laboratories) were used after exposure to 1% H~2~O~2~ for 30 min at room temperature to inactivate endogenous peroxidase. The signals were then enhanced by using the Vectastain ABC kit (Vector Laboratories), followed by the TSA fluorescence system (PerkinElmer).
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![Strategy for Defining the Regional Identity of PSC-Derived Neural Progenitors\
(A) Schematic of the strategy employed for the manipulation of regional identity. Wnt signaling was modulated by using the porcupine inhibitor IWP-2 and the GSK3β inhibitor CHIR. Tel, telencephalon; Di, diencephalon; Mid, midbrain; Hind, hindbrain; S.C., spinal cord.\
(B) Overview of the culture protocol. Patterning factors (IWP-2, CHIR, RA, Shh, and purmorphamine) were added during neurosphere formation.](gr1){#fig1}

![A-P Patterning by Modifying Wnt and RA Signaling\
(A) Expression of A-P markers in the neural tube in vivo.\
(B) qRT-PCR analysis of neurospheres for A-P marker expression (n = 3 independent experiments, mean ± SEM). Activation of Wnt and RA signaling posteriorized the neurospheres, whereas blockade of Wnt signaling anteriorized the neurospheres.\
(C) Immunocytochemical analysis of neurospheres for A-P markers. The frequency of neurospheres containing immunopositive cells is shown as the percentage of total neurospheres (n = 3 independent experiments, mean ± SEM). A-P patterning was also confirmed at the protein level. Scale bar, 50 μm).\
See also [Table S1](#mmc1){ref-type="supplementary-material"}.](gr2){#fig2}

![D-V Patterning by Treatment with Shh\
(A) Expression of D-V markers in the neural tube. The dashed line indicates the alar-basal boundary.\
(B) qRT-PCR analysis of neurospheres for D-V marker expression (n = 3 independent experiments, mean ± SEM). Neurospheres not treated with Shh showed a dorsal identity, whereas Shh treatment ventralized the neurospheres.\
(C and D) Immunocytochemical analysis of neurospheres for PAX6/NKX2.1 (C) and PAX6/NKX2.2 (D). The frequency of neurospheres containing immunopositive cells is shown as the percentage of total neurospheres (n = 3 independent experiments, mean ± SEM). D-V patterning was also confirmed at the protein level. Scale bars, 50 μm.\
See also [Table S1](#mmc1){ref-type="supplementary-material"}.](gr3){#fig3}

![Telencephalic D-V Patterning\
(A) Expression of D-V markers in the telencephalon. MGE, medial ganglionic eminence; LGE, lateral ganglionic eminence; POA, preoptic area.\
(B) qRT-PCR analysis of neurospheres for telencephalic D-V marker expression (n = 3−4 independent experiments; mean ± SEM; ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001; Student's t test).](gr4){#fig4}

![Generation of Region-Specific Neuronal Subtypes\
(A) qRT-PCR analysis of neurosphere-derived neurons for *TBR1*, *GATA3*, and *LBX1* expression (n = 4−5 independent experiments, mean ± SEM). A-P patterning was maintained throughout neuronal differentiation in vitro.\
(B−D) qRT-PCR analysis of neurosphere-derived neurons for the expression of neuronal subtype markers expressed in the forebrain (B), the mid/hindbrain (C), and the spinal cord (D) (n = 5−7 independent experiments; mean ± SEM; ^∗^p \< 0.05, ^∗∗^p \< 0.01, ^∗∗∗^p \< 0.001, ^∗∗∗∗^p \< 0.0001; Student's t test). Neurospheres differentiated into specific neuronal subtypes in accordance with their regional identity.\
(E and F) Immunocytochemical analysis of neurosphere-derived neurons for TBR1 (E) and HB9 (F). The frequency of immunopositive cells is shown as the percentage of MAP2+ neurons (n = 3 independent experiments, mean ± SEM). Scale bars, 50 μm.\
See also [Table S1](#mmc1){ref-type="supplementary-material"}.](gr5){#fig5}

![Reproduction of Subtype-Specific Disease Phenotypes In Vitro\
(A) Representative images of neurites from PSC-derived neurons with the characteristics of the ventral spinal cord (CHIR^3^+RA+Shh-treated). ALS iPSC-derived neurons exhibited swollen neurites (arrowheads). Scale bar, 10 μm.\
(B) Quantification of neurons with neurite swellings (n = 3 independent experiments, mean ± SEM, ^∗∗∗^p \< 0.001, ANOVA with Tukey's test). ALS iPSC-derived neurons with the characteristics of the ventral spinal cord were remarkably damaged.\
(C) Immunocytochemical analysis of AD iPSC-derived neurons with forebrain characteristics (IWP-2-treated). Accumulation of p-tau was observed in the AD iPSC cultures (arrowhead). Scale bar, 50 μm.\
(D) Higher-magnification images of the immunoreactive p-tau+ spots shown in (C). Scale bar, 10 μm.\
(E) Quantification of p-tau+ spots (n = 3 independent experiments, mean ± SEM, ^∗^p \< 0.05, ANOVA with Tukey's test). Accumulation of p-tau was increased in AD iPSC-derived neurons with forebrain characteristics.](gr6){#fig6}
